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Purpose/Objective: We have applied infrared (IR)-marker-based 
dynamic tumour-tracking irradiation (IR tracking) with Vero4DRT (MHI-
TM2000) clinically to lung cancer patients since September 2011. 
Before beam delivery, a correlation model between the target 
position indicated by implanted fiducials and the displacement of IR 
markers on the abdominal wall (4D model) should be created by 
monitoring these motions for 20–40 s. In clinical practice, we set the 
duration of 4D modelling to 40 s (4DM40). This study examined the 
influence of the modelling duration on the 4D modelling error (E4DM) 
and predictive error during beam delivery (EP). 
Materials and Methods: We retrospectively analyzed five patients 
with three-dimensional (3D) lung tumour motion greater than 10 mm 
who underwent IR tracking. All treatment plans included six or seven 
non-coplanar static fields. The beam delivery time per field was 
approximately 32 s, with a dose rate of 500 MU/min. A 4D model was 
calculated from a quadratic equation involving two variables: the 
position and velocity of the IR markers. The E4DM was defined as the 
difference between the detected target positions and the estimated 
target positions computed from the equation. The 4D model predicts 
the future 3D target position from the displacements of the IR markers 
in real time, and then continuously transfers the corresponding 
tracking orientation to the gimbaled x-ray head. We updated the 4D 
model at least once during each treatment session to ensure 
predictive accuracy. During beam delivery, we acquired two 
orthogonal kV x-ray fluoroscopic images on which the fiducials were 
identified every 1 s. The corresponding IR marker positions were 
recorded synchronously on the log files every 16.7 ms. The EP was 
defined as the difference between the detected target positions and 
the corresponding predicted target positions computed from the 4D 
model. To evaluate EP for different modelling durations, 4D models 
with a modelling duration of the first 20 s (4DM20) were created from 
the original log data for 4D modelling. Then, EP was calculated based 
on the 4DM20. In total, 4221 image frames were analyzed. 
Results: No baseline drift of the IR marker position or substantial 
changes in respiratory patterns were observed during 4D modelling. 
The differences in means+2SDs of E4DM between modelling durations of 
20 and 40 s were up to 0.1, 0.6, 0.4 mm in the left-right (LR), cranio-
caudal (CC), and anterior-posterior (AP) directions, respectively. 
Table 1 summarises the 95th percentile of the absolute EP based on 
4DM20 (EP20) and 4DM40 (EP40) during the treatment course. Differences 
between the 95th percentile of the absolute EP20 and that of EP40 were 
up to 0.1, 0.3, and 0.1 mm in the LR, CC, and AP directions, 
respectively. 
  
Conclusions: This study demonstrated that a short modelling duration 
did not substantially reduce the predictive accuracy during beam 
delivery.  
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Purpose/Objective: The interplay between respiration-induced 
tumour motion and MLC leaf movements remains a concern in IMRT. 
Many of the studies in the literature have investigated the impact of 
interplay on the dose variations to target volume using film or ion 
chambers but the scope of their conclusions is limited as these 
techniques provide only incomplete (1D or 2D) dose information. In 
this study,an in-house developed dose model let us calculate 3D time-
resolved dose contribution of each voxel in the target volume. With 
this more complete information available,a dose-based but also a 
TCP-based analysis could be conducted. The TCP based analysis 
provides a more clinically relevant and direct evaluation of the 
interplay effect on treatment outcome for conventionally and 
hypofractionated lung tumour IMRT treatments.  
Materials and Methods: Our 4D dose model accounts for tumour 
motion and variation in MLC segment shapes during delivery. From 
DICOM datasets, it can calculate, keep track and accumulate the dose 
on a voxel-by-voxel basis over the course of treatment. A sinusoidal 
breathing period of 5s and peak-to-peak amplitude of 20 mm is 
assumed. Moreover, a random phase-shift is applied at the start of 
each fraction. The effect of interplay on TCP and mean dose to the 
target volume is studied for conventionally (20 fractions) and 
hypofractionated treatments (3 and 1 fraction). The effect of dose 
rate on interplay is also studied for single-fraction treatments. A total 
of 6 step-and-shoot IMRT plans were used for the analysis. Simulations 
were repeated several times to obtain population mean TCP for each 
plan. 
Results: The average variations observed in mean dose to the target 
volumes compared to the static tumour were -0.76±0.36% for the 20-
fraction treatment and -0.26±0.68%, -1.05±0.98% for the 3- and single-
fraction treatments respectively. The average change relative to the 
static tumour in population mean TCP for the 20 fraction treatment 
was -1.05±0.39%, whereas for the 3- and single-fraction treatments it 
was -2.8±1.68% and -4.0±2.84% respectively. By reducing the dose rate 
from 600 to 300 MU/min for the single-fraction treatments; the drop 
in TCP was reduced by~1.5%. 
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Conclusions: In summary, the effect of interplay on treatment 
outcome is negligible for conventionally fractionated treatments, 
whereas considerable drop in TCP is observed for the 3- and single-
fraction treatments. In case no motion management techniques are 
available for hypofractionated treatments, reduced dose rate could be 
used to reduce the interplay effect. 
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Purpose/Objective: To determine the accuracy of marker based 
respiratory tumor tracking models in liver as a function of marker-
tumor distance. Liver tissue is prone to (non-rigid) deformations 
during the breathing cycle. Fiducial markers cannot always be 
implanted in, or evenly surrounding, the tumor. In our clinic a 
distance of 3 to 4 cm is generally obtained with CT guided 
implantation, while with US guided implantation, distances were 
larger.  
Materials and Methods: Marker tracks of 7 patients, measured with 
planar kV movies during liver SBRT with abdominal compression, were 
retrospectively analyzed, as well as a 3D MRI liver volume recording of 
a volunteer (all in free breathing).  
For the liver SBRT patients, who had at least 3 markers, a tumor 
tracking model was designed for one of the markers. This model was 
then applied to track the position of each of the other markers. 
Because liver tumors are invisible without contrast, we used the other 
markers to define 'tumor position', simulating different distances 
between the modeling point and 'tumor'. For the volunteer, 12 points 
throughout the liver were tracked over time. A tumor tracking model 
was made for two points: one in the middle of the liver and one at the 
edge of the liver. These models were then applied to track the 
position of 10 other points distributed throughout the liver. The 
distances between markers and liver points were recorded as well. 
The average and SD ofthe RMS prediction error were calculated for 
each recording and compared to the tracking errors in case of a rigid 
marker-tumor configuration.  
Results: The marker-marker distance varied between 1 and 7 cm and 
the distance between liver points in the volunteer varied between 1.5 
and 13 cm. The average tracking error (Figure) and SD increased as a 
function of the distance. Even for small marker-tumor distances of 3-5 
cm the additional error can be 1.5-2.5 times larger than in the rigid 
case. 
  
Conclusions: For markers that have a certain distance to the tumor, 
tumor tracking models that are designed to track fiducial markers 
perfectly, do not necessarily predict the correct tumor position 
throughout the breathing cycle due to deformability of liver tissue.  
For these techniques, appropriate margins that reflect above 
mentioned errors should be applied.  
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Purpose/Objective: To illuminate the pros and cons of using the 
maximum intensity projection (MIP) or midventilation-phase (mv) 
image of a 4D-CT scan for delineation of targets and organs at risk 
(OARs) in radiotherapy treatment planning for patients with lung 
cancer. 
Materials and Methods: 12 lung cancer patients were 4D-CT scanned, 
dividing the scan into 10 respiratory phases and reconstructing the MIP 
of these. For all patients the GTV and OARs were defined and 
delineated on the manually selected mv image (GTVmv) as well as on 
the MIP-reconstruction (GTVMIP), using Varian Eclipse 10. For both 
GTVmv and GTVMIP a GTV-to-PTV margin was calculated using the 
margin formula developed by Van Herk et. al (IJROBP, 1121,47,2000). 
For PTVmv, the patient specific tumour motion was taken into account 
as 1/3 of the amplitude of motion. This tumour motion was 
determined from deformable propagation of GTVmv to all 10 phases in 
the 4D-CT scan. The resulting volumes were compared. For all 
patients IMRT treatment plans were developed using the mv image 
and delineations. During radiotherapy, daily cone-beam CT-scans 
(CBCTs) were used for setup according to the bony anatomy. 
Retrospectively the MIP target and OAR structures were deformably 
registered to the CBCT images as well, and their volumes and centre-
of-mass (cm) shifts were calculated and compared to the MIP and mv 
OAR delineations. 
Results: The difference between the two methods of delineation 
yields differences between the volumes of PTVmv and PTVMIP that are 
in mean 5% ranging from -7% to +12%. In two cases, the PTVMIP had the 
smallest volume while ten cases resulted in the PTVmv being the 
smallest. There was a large overlap of the two types of PTVs with the 
Dice coefficients ranging from 0.91 to 1. The disadvantage of the MIP 
delineation approach is that both the mean and the extreme positions 
in the tumour motion pattern are equally weighted when included in 
their entirity in the GTV. The mv approach has the disadvantage that 
the tumour motion is reduced to the 3D cm motion and therefore 
neglects asymmetric motion and deformation during breathing. The 
differences observed in this study, however, are minor. For the OARs 
the tendency is towards larger volumes on the MIP for dense OARs 
(heart, spinal cord, oesophagus) as compared to mv and CBCT, 
whereas airy tissues (such as lung) are generally outlined smaller on 
the MIP. The heart, for instance, is found to be 20% larger, and the 
total lung volume is 10% smaller on the MIP delineations than on mv 
delineations. The cm shifts for all OARs are negligible, the largest 
shifts seen in the cranio-caudal direction. 
Conclusions: Only minor differences are seen when comparing the 
GTV-to-PTV delineated at MIP or mv images. OAR delineation on the 
MIP may present the heart and other dense structures as larger than 
they are in reality, whereas airy structures such as lung appear 
